ABSTRACT A defined, minimal medium for the cellular slime mold Dictyostelium discoideum is reported.
Dictyostelium discoideum is the species of cellular slime mold most frequently used to study problems of development. The unicellular amoebae of this organism can be made to aggregate and form a rudimentary tissue containing two major cell types. The shift from growing amoebae to aggregating social amoebae is brought about by starvation. Many enzyme activities increase during aggregation and later development (1) and these may reflect changes in gene activity. It is our intention to approach problems of gene regulation in Dictyostelium with genetic and biochemical techniques. Until now the genetic approach has been limited to parasexual methods (2, 3) and suffers from a dearth of selectable chromosomal markers. A defined medium would solve this problem by letting us isolate auxotrophs.
Slime mold amoebae usually grow by degrading ingested bacteria. In 1967, Sussman and Sussman (4) isolated a strain that could grow in a broth made of Proteose Peptone, yeast extract, glucose, phosphate, liver extract, and fetal calf serum. Since then, the liver extract and fetal calf serum have been removed (5, 6 ) and other axenic strains have been isolated (6, 7) . Two recessive mutations on the second and third linkage groups distinguish axenic strains from the wild type and allow them to grow axenically (8) . Marin (9) was able to grow the AX3 strain in a medium lacking Proteose Peptone and containing a reduced amount of yeast extract. Growth in this medium was dependent on 11 amino acids, as shown by single omission experiments. Watts and Guest (10) , using auxotrophic strains of Escherichia ccli, were able to specify five vitamins required by D. discoideum.
Our strategy for creating a totally defined medium was to assemble all of the compounds known to occur in Proteose Peptone and yeast extract (11, 12) and to supplement them with nutrients known to be essential for the growth of other unicellular eukaryotes. The axenic strain AX3 grew in this basal medium immediately. All unnecessary compounds have now been removed and the conditions under which the cells grow best have been defined.
MATERIALS AND METHODS
Strains. The axenic strain AX3 was used in this study. Amoebae growing in HL/5 medium were harvested by centrifugation during logarithmic phase, washed twice with phosphate buffer (17 mM Na2HPO4/KH2PO4, pH 6.0), and resuspended in the same buffer at a density of 2 X 106/ml. Five milliliters of medium in 50-ml erlenmeyer flasks were inoculated with the cell suspension to a density of 4 X 104 amoebae per ml. The cultures were incubated at 21-22°on a gyratory shaker (120 rpm; 5-inch stroke). Cells were counted with a hemacytometer. The cells were tested for their ability to aggregate and form fruiting bodies as described by Sussman (13) .
Composition of the Media. The HL/5 medium contained (per liter): glucose, 10 g; yeast extract (BBL), 5 g; Thiotone (BBL), 5 g; Proteose Peptone (Difco), 5 g; KH2PO4, 0.34 g; Na2HPO4-7H20, 0.67 g; and dihydrostreptomycin sulfate, 50 mg. The final pH was 6.5-6.7 and the medium was sterilized by autoclaving for 20 min at 121°. The defined medium described in the final column of Table 1 16 compounds were eliminated during the initial simplification of the basal medium. The omission of sodium acetate and the decrease in NaCl improved the growth rate, while omission of the other compounds, mostly vitamins, had no effect on growth.
Amino Acids. The amino acids listed in column M2 were removed one at a time. Arginine, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine were absolutely essential for growth, as reported by Marin (9) . Omitting alanine, aspartic acid, glutamine, serine, and tyrosine had no significant effect on growth rate or yield; but eliminating cysteine and cystine or proline and hydroxyproline decreased both growth rate and yield, resulting in a maximum density of about 3 X 106/ml. Asparagine and glutamic acid improved growth ( the following trace elements: 0.04 IAM As,0.6,uM Pb, and 170MaM SiO2.
Proc. Natl. Acad Buffer. The buffer in the medium is the only source of phosphate. Maximum growth rates occurred at phosphate concentrations of 1-12 mM and maximum yields were reached at about 4 mM. Without the phosphate buffer there was no growth. Since dramatic pH changes occur during growth (Fig.  1) , the effect of several "Good" buffers on the growth of the amoebae was tested in medium M3 ( Table 1) . The following buffers, all with pKa in the 6-7 range, were adjusted to pH 6.5
with NaOH or HCL. The numbers in parentheses indicate the highest concentration (mM) at which growth rate and yield were unaffected: N-(2-acetamidol)-2-aminoethanesulfonic acid (Aces) (10) time also increased [1] [2] After the cells were subcultured in a medium lacking trace elements, the final cell densities reached were only 3 X 106/ml. Full growth could be restored by the addition of 10 ,uM ZnCl2 with final cell densities of 1.9 X 107/ml; when the ZnCl2 concentration was raised to 100 jiM, the final densities were 3.6 X 107/ml. An additional mixture of trace elements, including As, Al, F, I, Pb, Sn, Se, and Cr, had no effect.
Growth Conditions. The growth rates achieved in the minimal medium are shown in Fig. 1 and Table 3 . The growth of the amoebae in HL/5 and minimal medium (FM) are indistinguishable when 100-ml volumes are used in half-liter flasks. Fig. 1 also shows that the pH of the minimal medium creeps up as the cells reach stationary phs after an initial sharp drop at the end of exponential growth. In small flasks the minimal medium is better than the JIL/5; in 125-ml flasks with 25 ml of medium, the HL/5 supports faster growth. Filtersterilized minimal medium supports growth as well as autoclaved medium.
The growth of cells in minimal medium was affected by several other conditions. The optimal pH in an autoclaved medium is about 6.2. Because autoclaving lowers the pH (Fig.  2) The cloning efficiency of AX3 in minimal medium in microtiter plates could be increased to 50% by providing them with a feeder layer of 1000 NC-4 cells per well. NC-4, the nonaxenic parent strain of AX3, cannot grow in HL/5 or minimal medium.
We have tried other axenic strains in the minimal medium, but not all grow as well as the strain maintained as AX3 in this laboratory, for which the medium was optimized. A version of AX3 obtained from M. Brenner grew well in medium M2, but grew poorly in the final minimal medium ( 
